New pre-scission neutron multiplicity (v~") data for Li-, ' 0-, and Ne-induced fission are presented, spanning a fissility range from 0.60 to 0.85. Fission time scales have been deduced for two extreme assumptions regarding the mean excitation energy during fission. It is found for fusion-fission reactions that the fission time scale is independent of fissility, within a factor 1.5. A comparison of time scales deduced from v~"measurements for fast-fission with quasifission timescales deduced from the rotation angle of the composite system allows a minimum fusion-fission time scale of 30X10 ' s to be determined. For the most fissile system, fast-fission (fission without barrier) is shown to be up to three times faster than fusion-fission. Using a model to interpret the fusion-fission time scales, it is concluded that motion in the fission direction is strongly overdamped.
I. INTRODUCTION
Elucidation of the precise nature and magnitude of nuclear viscosity remains one of the major problems as yet unsolved in nuclear physics, although substantial progress is being made, both experimentally and theoretically. The unique properties of the nucleus (small number of constituent nucleons, with a long mean free path, at least at temperatures where Pauli blocking is effective) mean that nuclear collisions with the nuclear surface, or nucleon-nucleon collisions in the nuclear surface region are likely to be the main contributors to nuclear viscosity. ' Because of these facts, nuclear viscosity should show novel features and complexity not seen in classical macroscopic systems.
Different theoretical approaches to modeling viscosity and dynamics, such as time dependent Hartree-Fock, wall and window pure one-body viscosity, macroscopic two-body viscosity, the surface friction model, and dissipative diabatic dynamics show different success in describing different manifestations of nuclear viscosity such as the properties of giant resonances, fusion and fission.
For fission, attempts have been made to gain information on nuclear viscosity from the dependence of the total kinetic energy (TKE) on the compound nucleus fissility.
Although several studies have been made comparing the different one-and two-body dissipation mechanisms, both have given acceptable fits to the experimental systematics. The variation of TKE with excitation energy is expected to be quite different for different dissipation mechanisms, but it has been recognized that prescission neutron emission will reduce the possible variation in excitation energy at and near the saddle point to a rather small range, and thus any variation in TKE resulting from a change in viscosity with temperature should also be small. It may not be possible to determine the mechanism and strength of nuclear viscosity from TKE properties alone. Recently, measurements of evaporated charged particle' and neutron multiplicities '" emit- ted during the fission process have been used as a "clock" to allow estimation of the dynamical fission time scale. This quantity is critically dependent on the magnitude of nuclear viscosity. Et may be argued that these measurements represent the clearest and most dramatic evidence of the effects of nuclear viscosity in fission.
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The experimental pre-fission neutron multiplicities vpre are determined by measuring the angular correlation of neutrons in coincidence with fission fragments traveling in a known direction with known viscosity. Neutrons emitted from the fission fragments will be focused in the fragment direction, and using the neutron energy spectra, the angular correlation can be decomposed into the prescission and post-scission components.
Such measurements have shown that at low excitation energy and fissility, agreement with the statistical model calculations using standard parameters can be obtained, ' ' ' but at high excitation energy and/or fissility, the experimental yields exceed those calculated manyfold. This can be explained qualitatively in quite general terms. In the statistical model picture described above, the time scale for' fission at a certain step i in the evaporation chain can be defined as r""=A'/I,'". Where I'",is For such a system, the statistical model pre-fission multiplicity is strictly zero, since the equilibrium and saddle-point deformations coincide. During the collective motion to the scission point, neutrons will be evaporated if energetically possible, and would be experimentally identified as pre-fission, or more correctly, pre-scission neutrons. In this macroscopic picture, the effect of viscosity is to slow the motion to scission. A longer saddle to scission time will result in a higher pre-scission neutron multiplicity, thus the latter quantity can be used to gain information on nuclear viscosity in a rather direct way. For nuclei with a fission barrier, a further efFect of viscosity is to delay the onset of fission, due to the time delay in establishing the equilibrium population at the saddle point.
This will also result in the emission of excess neutrons. The sum of the time delay before the onset of fission and the saddle to scission transit time, both of which depend on viscosity, -can be described as the dynamical fission time scale.
also depends on viscosity (see Sec. IV D), as well as on the fission barrier height, level densities, and other statistical model parameters, but its value is constrained by the fission probability, which in many cases has been measured, or at least can be estimated from systematics. It is thus essential to make the distinction between the statistical model fission time scale, which in practice must be adjusted to be independent of viscosity, and the dynamical fission time scale, which is not constrained by the fission probability, but will determine the pre-scission neutron multiplicity if it is longer than~" ". ' ' ' ' up to - ' Nd, ' Er, ' 'Ta, ' 
Determination of neutron multiplicities
To deduce the correct pre-and post-scission neutron multiplicities from the measured fission-neutron angular correlations, several experimental effects must be accounted for.
Neutron detector e~ciencies
The neutron detector efficiencies must be known. In Incomplete fusion and preequilibrium neutron emission will reduce l,";, so that fast-fission is unlikely for this system (see text).
Total neutr on multiplicities
The total neutron multiplicities can be compared with expectations based on evaporation calculations and energy balance. Since preequilibrium neutrons have a higher kinetic energy than evaporated neutrons, the preequilibrium yield has been excluded from the total multiplicity, to give the total evaporated multiplicity (v",), and correspondingly, the excitation energy has been reduced by 20 MeV (Ref. 17) for each preequilibrium neutron. The total evaporated neutron multiplicities for both these categories, and those from similar reactions, "' ' ' ' ' are shown in Fig. 2 
Pre-scission neutron multiphcities
The pre-scission neutron multiplicities v "measured in this work are shown in Fig. 3 Fig. 4 Table II ). The times deduced are shorter than those in Fig. 5 , the difFerence increasing with higher mass number {fissility) as might be expected (see text)~ situation must lie between these two extremes, it can be concluded that within error, the fusion-fission time scale is independent of fissility, at least for the range studied here. The only effect which could change this situation would be a variation of the level density parameter which was not proportional to mass.
Regarding the absolute times deduced, these depend on the level density parameter used, and would increase (de- Table II ) are shown in Fig. 6 From the dead times affecting previous runs with the I' detectors, the uncertainty for these two data points is estimated to be +12%. As described in Sec. II, the ratio of v""/v ", does not suffer from this uncertainty.
The measurements on the ' 'Ta and Th targets were made with F detectors; for the latter target the F detectors were placed to pick out only the highest momentum transfers. ' For the former target, the fission yield was rather low, and so rather poorer statistics were gathered.
The complex nature of the reaction mechanism for such a projectile and energy (see Ref. 51 ) makes interpretation of the measured v "value subject to more uncertainty than the reactions induced by heavier ions. In fitting the neutron velocity spectra, it was found that a large preequilibrium neutron multiplicity was required to reproduce the high energy (velocity) tails of the spectra. It was assumed that the v", yield was isotropic in azimuthal angle, and with v, =2.0 it was possible to obtain good fits to the spectra when determining v""and vp
The deduced total evaporated neutron multiplicities are shown in Fig. 2 as a function of Ez(f). Rather good agreement with the calculations is found, although this may be fortuitous. The v""values are shown in Fig. 3 , and show qualitatively good agreement with the other systems. Statistical model calculations were made, however it was found that because of the lower angular momentum brought in, the deduced time scales were sensitive to the statistical model parameters used (for example the fusion cross section) thus no time scale can reliably be quoted without knowledge of more details of the reaction. In order to make reliable interpretations of pre-scission neutron multiplicities at such high bombarding energies per nucleon, more complete measurements should be made.
C. Fission mass and TIE dependence of vp"
In Table III , the width of the mass and TKE distributions are shown, together with the measured TKE (de- duced assuming complete fusion). The widths are in good agreement with previous measurements, and the TKE results agree well with systematics ' after corrections for post-scission emission have been applied (assuming no pre-scission emission, as previously discussed). However, it has already been noted that during the measurement on the Th target, an experimental problem with electron noise occurred. This, together with the intrinsic limits to the mass and TKE resolution due both to the solid angle of the f detector and to neutron evaporation, gave a mass resolution estimated to be worse than 10 mass units. This has little effect on the total mass widths, which varied from 35 to 60 amu, but for mass bins of width 10 -20 amu causes a considerable influence of the central mass bins (with more yield) on the peripheral ones. Thus a washing out of the variation of the measured neutron multiplicities may be expected. closer to the central value, to account empirically for the poor resolution discussed above, the results shown in Fig.   7 were obtained. These exhibit the expected variation of v", with TKE and with mass, determined from the calculations shown in Fig. 2 Based on the conclusions from previous pre-scission neutron experiments, from the rapid dissipation of radial kinetic energy seen in deep inelastic reactions, and from the expectations for one-body viscosity, it is generally thought that nuclear viscosity should be large rather than very small. Thus in the following discussion, equations valid in this regime will be given. Viscosity is defined in terms of P, the ratio of the nuclear dissipation coefficient to the inertia. The potential energy surface (PES) in this model is approximated by harmonic oscillators (upright and inverted) whose frequencies are co& at the equilibrium deformation and coo at the saddle point (see Fig. 8 ).
The expression for the factor by which the fission width is reduced (the Kramers factor) is The v "data have been transformed to time scales for the minimum and maximum possible mean excitation energies during fission; respectively, neutron emission from the saddle-point (sp emission) and during the saddle-to-
